An energy process can be represented by verbal, pictorial, bar chart, and mathematical representations. This multiple-representation technique has been introduced and used in the work-energy part of introductory college physics courses. Assessment indicates that the work-energy bar charts, as a physical representation of a work-energy process, play an important role in student problem solving: they help students 1) reason about work-energy problems conceptually first, 2) set up the generalized work-energy equation correctly and easily, and 3) make inferences and evaluate their problem solutions. One important goal of this investigation is to provide a research base for the design of instruction to help students develop expertise in solving work-energy problems.
In the past thirty years, substantial progress in cognitive science, psychology, and physics education has been made in exploring and understanding differences in problem solving between experts and novices. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The central difference in physics problem solving between experts and novices, according to Jill Larkin, 4 is that novices have much less ability than experts to construct or use physical representations (e.g., free-body force diagrams). Few studies, however, investigate in depth what functions physical representations play in problem solving. This paper reports on a study of the role of work-energy bar charts 7 as a physical representation in solving workenergy problems by introductory physics students.
I. OVERVIEW OF THE RESEARCH
The study was conducted through the analysis of responses to written questions from a large number of students and the analysis of think-aloud individual interviews 11 with a small number of students. Subjects involved regular students, honors engineering freshmen, and honors physics majors from introductory calculusbased mechanics classes at The Ohio State University (OSU). Research results reported in this paper were primarily drawn from student interviews; on a voluntary basis, twelve honors engineering freshmen participated in pre-interviews and six honors engineering freshmen (not selected in the pre-interview) and four honors physics majors participated in follow-up interviews.
By the time of the pre-interview, the students had been exposed to the concepts of kinematics and dynamics but not the concepts of work and energy (but all twelve students were exposed to the context of work and energy in their high school physics classes). Three problems (see Fig. 1 ) were used for the pre-interview, each basically including three small questions: Question 1 could be answered applying the conservation of energy quantitatively and Questions 2 and 3 were conceptual reasoning ones. In addition, the first interview problem (see Fig. 1 ) included a question asking the student to complete work-energy bar charts for the given situation, but in the two other problems completed work-energy bar charts were given. (A short tutorial on work-energy bar charts was given to the student at the beginning of the pre-interview.) Also, in all the three problems a picture was given to illustrate each physical situation. The preinterview was used to investigate 1) how students solved work-energy problems from a perspective of problem representations, and 2) how they were be able to use a physical representation without formally learning how to use it in problem solving.
In the follow-up interview three word problems were given (see Fig. 2 ), each including three small questions: Question 1 was a quantitative one, but Questions 2 and 3 were qualitative ones. No other problem representations were given in the problems. The follow-up interview was designed to study 1) how students applied work-energy bar charts in their problem solving, and 2) what functions the work-energy bar charts played as a physical representation.
II. PRE-INTERVIEW RESULTS
Student solutions and interview videotapes from nine students were analyzed and transcribed. (Three other students did not finish all the three problems within the one-hour pre-interview.) First, we found that for the first problem (see Fig. 1 ) eight of them correctly constructed work-energy bar charts that were consistent with the initial and final states that they chose. Second, only one student used the given work-energy bar charts to help himself answer the last interview problem, which was more difficult than the first two problems. But all the students used the given pictures to understand or infer the problems. Third, it was observed that all of the nine students, to some extent, just used numbers to answer the quantitative question in each problem, rather than setting up the generalized workenergy equations in a symbolic representation.
In summary, we found that it was not difficult for students to understand the format and the structure of work-energy bar charts, but it was not natural for them to use the bar charts in their problem solving, compared to a sketch or picture. Beginning students used a numerical-representation- related concepts in numbers first, assemble these numbers together based on a law or a principle, and calculate a number for the centered strategy in problem solving: represent related concepts in numbers first, assemble these numbers together based on a law or a principle, and calculate a number for the unknown variable. Using this naïve approach, students met difficulty conceptually understanding a physical process-the meaning of each concept became invisible or lost.
III. FOLLOW-UP INTERVIEW RESULTS
After the honors engineering freshmen were exposed to two weeks of instruction on the concepts of work and energy using a multiple representation strategyrepresenting a work-energy process in verbal, pictorial, physical (work-energy bar charts) and mathematical representations (see Ref. 7 for details), six students from this class were interviewed. For comparison, we also interviewed four honors physics majors who had learned the concepts of work and energy in other approaches. The analysis of a solution for the problem shown in Fig. 2 by an honors engineering freshman was illustrated in Fig. 3 .
Based on students' performance on the interview problems, we found that students who learned the multiple-representation strategy used this technique to solve the work-energy problems. In particular, the students used work-energy bar charts to help them understand the problems conceptually first, to set up the generalized work-energy equations, and to reason about some questions qualitatively.
Problem solutions produced by the four honors physics majors, who learned the concepts of work and energy using other approaches, reflected some problem-solving expertise, such as working forward and recognizing the problems using the concepts Fo llow e d the bars in the ch art to set up the ge nera lize d w o rk-e ne rg y eq ua tio n. P lu gge d in n um be rs a nd solve d fo r th e u nkno w n qua ntity.
(H e corre ctly a nsw e re d the que stio n.) R ead th e p ro blem .
C o nstructe d a ske tch a nd la beled relate d va riab le s A lg eb ra ic R e presen tation U se d the gen eralize d w ork-ene rgy e qua tion from qu estion 1 to an sw er this q ue stion .
(H e correctly an sw ered th is q uestion .) U se d the w ork-en ergy bar ch art to rea so n ab out this qu estio n.
(H e correctly an sw er this q ue stion .) Fig. 3 . The analysis of a solution for the follow-up interview problem shown in Fig. 2 by an honors engineering freshman who learned the multiple-representation strategy in solving work-energy problems.
of work and energy. 1 But these students primarily used the numericalrepresentation-centered approach. Also, it was observed that the students went back and forth between pictorial representations (e.g., sketches or pictures) and numerical representations to reason about the problems. Although a picture or a sketch could help students visualize and infer a physical process, 8 it included real objects such as springs, inclined planes, and others-often triggering students' responses based on surface features. It appeared that without being able to access a physical representation, it is difficult for students to understand and infer a problem conceptually before they used equations.
IV. CONCLUSION
In summary, the study can show that work-energy bar charts play an important role in student problem solving: 1) They help students use the concepts of work and energy first to qualitatively reason about the problem, rather than identifying the problem based on surface features. 2) They help students set up the generalized workenergy equations correctly and easily. A completed work-energy bar chart provides visual aid for students to construct the mathematical equationthere is one term in the equation for each bar in the bar chart. 3) They direct students to make inferences and allow them to evaluate their problem solutions. Being independent of surface features of real objects and in a bar graph format, work-energy bar charts aid students in "seeing" the conservation of energy easily and in assessing their solutions effectively.
